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Haitao Niu, Xungai Wang and Tong Lin*
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(Received 6 March 2011; final version received 25 July 2011)
The fibre generator shape and dimension are key factors affecting the needleless electrospinning process and fibre
fineness. In this work, cylinder with rounded rim, disc and ball were used as spinnerets to electrospin polyvinyl
alcohol and polyacrylonitrile solutions. A finite element method was used to analyse how the spinneret geometry
affected the electric field generated during electrospinning and the associated changes in fibre diameter and pro-
ductivity. For cylinder spinnerets, increasing the rim radius reduced the discrepancy of electric field intensity
between the cylinder end and middle area, which affected the fibre productivity. The electrospinning failed to
operate when the rim radius was over 20mm. With decreasing cylinder diameter, the electric field intensity in the
middle area increased, improving the fibre productivity. Thinner disc spinnerets increased the electric field inten-
sity, resulting in finer nanofibres and higher productivities. Ball spinnerets produced evenly distributed electric
field, but failed to electrospin fibres when the diameters were below 60mm. It has been found that strong and nar-
rowly distributed electric field in the fibre-generating area can significantly facilitate the mass production of quality
nanofibres.
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Introduction
As a useful fibre-making technology to produce con-
tinuous nanofibres, electrospinning has shown many
advantages, such as universality in processing poly-
meric materials, ease of controlling fibre diameter and
functionality through adjusting the polymer solution
composition, and flexibility in generating fibrous
membranes with various geometries. Electrospun
nanofibres have huge potential applications in areas as
diverse as tissue engineering (Buttafoco et al., 2005),
filtration (Gibson, Schreuder-Gibson, & Rivin, 2001),
sensors (Wang et al., 2002), energy conversion and
storage (Kim, Choi, Lee, & Yang, 2004; Kim et al.,
2006; Prilutsky et al., 2010), catalysis (Jia et al.,
2002) and composites (Huang, Zhang, Kotaki, &
Ramakrishna, 2003).
Recently, electrospinning of nanofibres with nee-
dleless spinnerets, also called “needleless electrospin-
ning”, has attracted much attention and become a
promising strategy to improve nanofibre productivity
(Dosunmu, Chase, Kataphinan, & Reneker, 2006; Niu,
Lin, & Wang, 2009; Wang, Niu, Lin, & Wang, 2009).
In comparison with the conventional needle electros-
pinning, which typically has a nanofibre productivity
less than 0.3 g/h needle, needleless electrospinning can
have a far larger productivity. For example, the
production rate of a disc electrospinning was reported
to be over 6 g/h (Niu et al., 2009).
Needleless electrospinning appeared as early as in
1970s, when Simm, Gosling, Bonart, and Von Falkai
(1979) filed a patent on using rings to electrostatically
spin fibres for filtration applications. Later, Jirsak
et al. (2005) patented their needleless electrospinning
design using a roller or cylinder as fibre generator
(also referred to as “spinneret” in this paper), which
has been commercialised by Elmarco with the brand
name Nanospider. Recently, a rotary cone was also
used as needleless fibre generator to electrospin nano-
fibres (Lu et al., 2010). Other needleless electrospin-
ning setups were also reported. For example, Yarin
and Zussman (2004) used a magnetic fluid underneath
the polymer solution to initiate the needleless electros-
pinning. Liu, He, and Yu (2008) blew air to generate
bubbles to assist in electrospinning of nanofibres from
a liquid surface. Wang et al. (2009) used a conical
wire coil as fibre generator to produce nanofibres in
needleless mode. However, a clear guiding principle is
still lacking for the design and optimisation of needle-
less fibre generators for the mass production of fine
and uniform nanofibres.
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It has been established that the driving force in
electrospinning is the electric field, which determines
the fibre formation, morphology and productivity
(Lukas, 2008; Taylor, 1969). For conventional needle
electrospinning, a high-electric potential is generated at
the needle tip, inducing the accumulation of electrical
charges on the polymer solution surface to form a so-
called “Taylor cone”. If the electric potential is above a
critical value, the polymer solution at the cone tip
overcomes its surface tension to eject into the electric
field formed between the spinneret and the collector,
and a solution jet is thus generated. In needleless elec-
trospinning, although the driving force is still the elec-
tric field, the lack of needle to regulate the local
electric field potential makes the setup highly depen-
dent on the geometry of the spinneret. However, it has
been difficult to directly measure the electric field pro-
file of an electrospinning setup due to the high-voltage
involved.
Finite element method (FEM) is a numerical tech-
nique for finding approximate solutions of partial dif-
ferential equations (PDE), which is applicable to a
wide range of physical and engineering PDE prob-
lems. It provides an alternative way to understand
high-electric field. Since the practical dimensions and
material properties can be used for the FEM calcula-
tion, it enables to visualise the electric field profile
and to understand the influences from physical geome-
try, dimension and material characteristics. In the pre-
vious work, Niu et al. (2009) have examined the
influence of spinneret shape on needleless electrospin-
ning process and fibre diameter by using a cylinder
and a disc of the same diameter as fibre generators.
By using a FEM to analyse the electric field around
the needleless electrospinning setups, we have found
that electric field on the two fibre generators distrib-
utes differently. For the cylinder, fibres can be gener-
ated from both the end and the middle areas. The
high-electric field intensity, however, is mainly located
in the cylinder ends, and the electric field intensity in
the middle area is much lower. For the disc, fibres are
mainly electrospun from the disc edge, which has
high-electric field intensity. So the disc generator can
produce fine nanofibres with a narrow diameter distri-
bution. In addition, a disc spinneret of 2mm thickness
has roughly the same fibre productivity as a cylinder
of the same diameter (80mm) but 100 times larger in
length (i.e. 20 cm).
In this paper, we report our further study on how
the cylinder diameter and disc thickness influence the
needleless electrospinning and fibre morphology. To
reduce the cylinder end effect, cylinder rims were
rounded, and the effect of rim radius on the electric
field distribution and electrospinning process was
examined. For comparison, ball was also used as fibre
generator for needleless electrospinning. Two
polymers, polyvinyl alcohol (PVA) and polyacryloni-
trile (PAN) were used in this study.
Experimental section
Materials and measurement
PVA (Mw = 146,000–186,000, 98–99% hydrolysed),
PAN (Mw = 86,200) and dimethylformamide (DMF)
were obtained from Aldrich and used as received.
Aqueous PVA solution of 9 wt% was prepared by dis-
solving PVA in distilled water with vigorous stirring
at 85C for 6 h. Freshly prepared PVA solutions were
always used for the electrospinning experiments. PAN/
DMF solution (9wt%) was prepared by dissolving
PAN in DMF at 80C with continuous stirring.
The fibre morphologies were observed with scan-
ning electron microscopes (SEM, Supra 55VP). All
SEM images were taken at a voltage of 10 kV and
working distance of 5mm. The average fibre diame-
ters were calculated based on the SEM images (over
100 nanofibres) using image analysis software (Image-
Pro+4.5). The electric fields were calculated using a
FEM program package COMSOL3.5. Before the cal-
culation, the physical geometries of the electrospin-
ning setups, including spinnerets, solution bath,
polymer solution and collector were established
according to their practical dimension, location and
relative permittivity. A high voltage was then set to
the metal wire located at the bottom of the solution
bath. The metal collector and the boundaries at an
infinite distance were set as zero potential. All the
other boundaries were set as continuity. The meshing
and solving were performed by the software to obtain
the electric field intensity and profile.
Electrospinning process
The needleless electrospinning setup comprises a rotary
aluminium fibre generator, a Teflon solution vessel, a
high-voltage DC power supply (ES50P-20W/DAM,
Gamma High Voltage Research) and a grounded rotat-
ing drum collector. To investigate the effect of fibre
generator shape, cylinder, ball and disc were used as
fibre generators. The applied voltage and the collecting
distance were set at 57 kV and 13 cm, respectively. The
fibre generator geometric shapes, dimensions and the
electric field intensity profiles obtained from the FEM
calculation are shown in Table 1.
Results and discussion
Table 1 indicates the electrospinning ability of the three
needleless spinnerets having different dimensions. At
the same applied voltage (57 kV), not all the fibre
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generators can perform electrospinning and produce
nanofibres. For cylinder with a rim radius less than
20mm, the electrospinning performed very well and
jets were generated not only from the cylinder ends but
also from the middle surface (Figure 1). However,
when the rim radius was larger, electrospinning failed
to operate. For ball generators, the electrospinning
occurred only when diameter was larger than 60mm,
while the jets were mainly produced from the top half
of the ball generator (Figure 1). For disc spinnerets, the
solution could only be electrospun when the disc thick-
ness was greater than 1mm (Figure 1), and the jets
were formed mainly from the disc top edge (width <
1 cm).
The finite element analysis of electric field indi-
cated that electric field distributed unevenly along the
surface of these three fibre generators, and fibre gener-
ator shape and dimension affected the electric field, as
illustrated in Table 1. For the cylinder, the cylinder top
ends had much higher electric field intensity than the
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Table 1. Shapes, spinning abilities and electric field intensity profiles.
Figure 1. Photos of needleless electrospinning using different fibre generators (cylinder diameter 80mm, length 200mm and
rim radius 2mm; ball diameter 80mm; disc diameter 80mm and thickness 2mm).
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middle top surface. The cylinder ends with smaller rim
radius (higher surface curvature) generated stronger
electric field. Figure 2(a)–(c) shows the dependency of
electric field intensity profile on the cylinder rim
radius. The variation of the rim radius changed the
electric field intensity in the cylinder end area (Figure 2
(a)), but not in the middle area. Increasing the rim
radius led to reduced electric field intensity in the cyl-
inder end area, and the area that had high-intensity
value expanded slightly toward the cylinder middle.
With the increasing rim radius, the field intensity
change from the cylinder end to the collector decreased
more slowly (Figure 2(b)). However, the intensity in
the cylinder middle area was little affected by the rim
radius (Figure 2(c)). The results that increasing cylin-
der rim radius led to lower intensity electric field can
be used to explain the failure of electrospinning for the
cylinder spinnerets with rim radius larger than 20mm.
With such a large rim radius, the electric field intensity
at the cylinder ends could be lower than the critical
value to initiate electrospinning, and the cylinder mid-
dle had even lower electric field intensity.
The cylinder diameter affected the electric field
intensity profile. When the cylinder length and the rim
radius were kept unchanged, the area with high-elec-
tric field intensity shrank with reducing cylinder diam-
eter (Figure 2(d)–(f)). It is worth noting that the
electric field intensity in the middle surface increased
with a decrease in the cylinder diameter (Figure 2(d).
However, the electric field intensity profiles from the
spinneret surface to the collector maintained almost
unchanged (Figure 2(e), (f)).
For disc spinnerets, the electric field was narrowly
distributed on the top edge (Table 1), and the electric
field intensity around the disc surface showed high
dependence on the disc thickness (Figure 3(a)). Thin-
ner disc produced higher intensity electric field. With
decreasing disc thickness, the electric field intensity
on the disc surface increased but concentrated around
the disc circumference. For the discs having different
thicknesses, the electric field intensity profile from
disc top to the collector had a similar trend. The larg-
est field intensity was formed at the disc top, which
decayed rapidly away from the disc top and finally
stabilised near the collector. The electric field intensity
on the 20mm thick disc generator was 24 kV/cm.
When the disc thickness reduced to 2mm, the inten-
sity increased to 62 kV/cm. Further reducing the thick-
ness from 2 to 1mm resulted in a field intensity value
of 200 kV/cm (not shown in the graph).
The electric field of a ball spinneret is also shown
in Table 1. High-electric field intensity was mainly
generated on the top half of the ball. The generated
electric field was more evenly distributed along the
Figure 2. (a)–(c) Electric field intensities of cylinder spinnerets with the same diameter but different rim radii; (a) along the
cylinder length; (b) from cylinder end to the collector and (c) from cylinder middle to the collector; (d–f) electric field
intensities of cylinder spinnerets with the same rim radius but different diameters; (d) along the cylinder length; (e) from
cylinder end to the collector; and (f) from cylinder middle to the collector.
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ball surface compared to the cylinder spinnerets. From
ball surface to the collector, the electric field declined
at a rate slower than that from the cylinder ends, but
faster than that from the cylinder middle (Figure 3(b)).
From the electric field analysis and the actual elec-
trospinning experiments, it is clear that the cylinder
spinneret contained two fibre/jet generating zones: cyl-
inder ends and cylinder middle area. The cylinder ends
had highly concentrated electric field, but not the cylin-
der middle area. Rounding the cylinder rim could
reduce the electric field intensity discrepancy between
the end and middle areas, but only to a small extent,
and the electric field distribution remained uneven along
the fibre-generating surface. For disc and ball spinne-
rets, the fibre-generating area overlapped with the area
that had concentrated electric field. Under the same
applied voltage (57 kV), the electric field intensity at the
ball top area (14 kV/cm) was smaller than that at disc
top (62 kV/cm) and cylinder end top (22 kV/cm), but
was larger than that at cylinder middle top (8.4 kV/cm).
By calculating the electric field profile, the critical
electric field intensity for initiating a needleless elec-
trospinning process can be estimated. For the cylinder
setup, the minimum electric field intensity driving an
electrospinning process was 18 kV/cm. The setups that
have the maximum electric field intensity lower than
this threshold, such as those having a rim radius larger
than 10mm, failed to produce nanofibres. Discs gener-
ated stronger electric field. Therefore, they all can pro-
duce nanofibres successfully, except the 1mm one,
because the generated electric field (200 kV/cm)
caused corona discharge.
It was also found that the solution layer on the
spinneret surface affected electrospinning. This can be
proved by the ball electrospinning. Smaller balls gen-
erated stronger electric field, which should be easier to
electrospin nanofibres. However, the experiential
results revealed that the small balls were harder to
initial an electrospinning process in spite that their
surface electric field intensity was higher than its
Figure 3. (a) Electric field intensities of disc spinnerets with different thicknesses and (b) a comparison of electric field
intensity between cylinder (diameter 80mm and rim radius 5mm) and ball (diameter 80mm).
Figure 4. SEM images of nanofibres electrospun from cylinder spinnerets with (a) different rim radii (diameter 80mm) and
(b) different cylinder diameters (rim radius 10mm).
The Journal of The Textile Institute 791
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threshold value (14 kV/cm, based on the ball diameter
80mm). This is because the solution on this large cur-
vature structure has a small wave fluctuation.
Nanofibres electrospun from cylinders showed
bead-free fibre morphologies with similar fibre fineness
(Figure 4). However, the cylinder rim radius affected
the electrospinning productivity remarkably. When the
rim radius was 5mm, the fibre productivity reached the
highest value (Figure 5(a)). The cylinder with 5mm rim
radius produced lower electric field intensity at the end
area than that with 2mm rim radius, because the larger
rim radius decentralised the electric field to a larger
area. The electric field intensity in this area was large
enough to initiate electrospinning.
Figure 5. Dependencies of fibre diameter and productivity on (a) cylinder rim radius and (b) cylinder diameter.
Figure 6. SEM images of nanofibres electrospun from (a) disc spinnerets with different thicknesses and (b) ball spinneret; (c)
influence of disc thickness on fibre diameter and productivity and (d) comparison among cylinder, disc and ball spinnerets in
fibre diameter and productivity (cylinder diameter 80mm, rim radius 5mm; ball diameter 80mm; disc diameter 80mm,
thickness 2mm).
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Nanofibres produced from cylinder spinnerets with
different cylinder diameters were also bead free and
uniform (Figure 4(b)), and the influence of cylinder
diameter on the electrospinning process was marginal.
With reducing cylinder diameter, the fibre diameter
showed little change, but the productivity increased
apparently (Figure 5(b)).
For disc electrospinning, all the disc spinnerets
except the one with 1mm thickness produced uniform
nanofibres (Figure 6(a)). The average fibre diameter
showed a decreased trend with reducing disc thickness.
The nanofibres electrospun from 2mm disc had an aver-
age diameter of about 250 nm (Figure 6(c)), which
increased to about 320 nm when the disc thickness was
20mm (Figure 6(c)). The productivity of disc electros-
pinning increased with the reduction of disc thickness.
The productivity for the disc spinneret of thickness 2, 5,
10 and 20mm was 6.2, 5.2, 5.6 and 5.2 g/h, respectively.
Figure 6(b) shows the morphology of nanofibres
electrospun from the ball spinneret, which was similar
to those electrospun from the cylinder and disc
spinnerets. The diameter and productivity of nanofi-
bres electrospun from cylinder, ball and disc spinne-
rets are shown in Figure 6(d). Under the best working
conditions, the disc produced the finest nanofibres
with the narrowest diameter distribution. Cylinders
produced coarse nanofibres with largest fibre
productivity. Compared to disc, ball spinneret pro-
duced coarser nanofibres with lower productivity.
The above results were based on 9wt% PVA solu-
tion. Other polymer solutions such as PAN were also
studied and similar trends existed. Figure 7 reveals the
morphology of PAN nanofibres electrospun from dif-
ferent fibre generators. All the fibres showed bead free
fibre morphology. Although PAN nanofibres produced
from disc and cylinder spinnerets had similar diameter,
the diameter distribution for the disc electrospun nano-
fibres was narrower. In comparison with cylinder and
disc, ball spinneret produced coarser PAN nanofibres
with lower productivity. The difference in electrospin-
ning performances between PAN and PVA is due to
their intrinsic characteristics, leading to different pro-
ductivity and fibre property.
Figure 7(c) shows the X-ray diffraction (XRD)
curves of PAN nanofibres electrospun by different
methods. All curves contain two diffraction peaks at
17 and 29, corresponding to the 100 and 110 reflec-
tions, respectively. The peak intensity at 17 for the
needleless electrospun nanofibres is much higher than
that of nanofibres produced by conventional needle
electrospinning, indicating higher crystallinity within
the needleless electrospun PAN nanofibres. The higher
polymer crystallinity could facilitate with improving
the fibre mechanical strength.
It is worth noting that large production scale for
solution-based electrospinning could result in releasing
a large amount of solvent. For electrospinning 9wt%
PAN/DMF solution, the production of each gram of
nanofibres generated over 10 g DMF vapour. There-
fore, recovering solvent must be taken into the consid-
eration for large-scale electrospinning of nanofibres in
practice.
Figure 7. (a) SEM images of PAN nanofibres electrospun from cylinder, disc and ball spinnerets (cylinder diameter 80mm,
rim radius 2mm; ball diameter 80mm; disc diameter 80mm, thickness 2mm; PAN concentration 9wt%; applied voltage
57 kV; collecting distance 13 cm); (b) fibre diameter and productivity of needleless electrospun PAN nanofibres and (c) X-ray
diffraction curves of electrospun PAN nanofibres.
The Journal of The Textile Institute 793
D
ow
nl
oa
de
d 
by
 [D
ea
kin
 U
niv
ers
ity
 L
ibr
ary
] a
t 1
9:0
1 2
4 O
cto
be
r 2
01
2 
Conclusions
We have shown that fibre generator geometry has con-
siderable influences on the electric field intensity pro-
file in needleless electrospinning, which ultimately
affected the electrospinning process, the fibre diameter
and productivity. With increasing cylinder rim radius,
lower electric field intensity was formed in the cylin-
der end area, and coarser nanofibres were produced at
a lower productivity. When the rim radius was larger
than a critical value (e.g. rim radius = 20mm), the
electrospinning failed to operate. Reducing cylinder
diameter led to increase in the electric field intensity
in the cylinder middle area, but did not eliminate the
electric field intensity discrepancy between cylinder
end and middle areas. Decreasing the cylinder diame-
ter also resulted in larger nanofibre productivity. The
ball spinneret generated evenly distributed electric
field on the surface, but produced coarser nanofibres
with lower productivity compared to cylinder spinne-
rets. Disc showed strong and narrowly distributed
electric field on the fibre-generating area. The electric
field intensity in the disc circumferential area
increased with decreasing disc thickness. The 1mm
thick disc failed to electrospin nanofibres due to the
occurrence of corona discharge. The 2mm thick disc
gave higher nanofibre productivity than discs of other
thicknesses. Needleless electrospinning can be used to
process different polymers into nanofibres. Compared
to those produced by the conventional needle electros-
pinning, PAN nanofibres electrospun from the needle-
less fibre generators had higher polymer crystallinity.
All these results suggest that a needleless electros-
pinning spinneret that can generate narrowly and
evenly distributed electric field with sufficient intensity
along the fibre-generating area will facilitate the mass
production of fine nanofibres with a narrow diameter
distribution. How to design a needleless electrospin-
ning fibre generator meeting these criteria will be the
key to produce high-quality nanofibres with much
improved productivity.
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